High-Q resonance modes observed in a metallic nanocavity Metallic nanocavities have been actively studied for realizing nanolasers with low threshold. Presence of resonance modes with high cavity Q values is the indication of low internal loss that leads to low threshold lasing. However, cavity Q values observed in metallic nanocavities below lasing threshold remain low at present on the order of 100 to 500. We study the possibility to realize higher resonance Q values with a metallic nanocavity. For probing purpose of cavity modes we propose to employ broad mid-gap-state optical emission of n-type GaAs. With this method we report the observation of a resonance mode with the high Q value of 3800 at room temperature with the metallic nanocavity. The cavity mode is identified as a whispering-gallery mode with finiteelement-method simulation. In 1960, the first laser operation was demonstrated by Theodore Maiman with a ruby laser.
1 Then through the technology evolution such as laser designs, gain materials, and fabrication processes, semiconductor lasers have been developed to be applied to various fields. Familiar application fields are compact-disc audio players, bar-code readers, optical-fiber communication, and so on. Laser gain medium initiated from p-n homo-junctions, then evolved to double heterostructures, quantum wells, and quantum dots (QDs). Laser structures also evolved from Fabry-Perot lasers to distributed feedback lasers, vertical-cavity surface emitting lasers, and recently to various microcavity lasers.
Following these evolutions, downsizing to nanolasers for lower threshold is one of the recent main topics. This is because nanolasers are expected to be applied for highly integrated photonic circuits, 2 low-energy consumption applications, 2 compact pickups for data storage, 3 biological and chemical sensing, 4 and imaging. 5 Therefore various kinds of nanolasers, especially metal-coated nanolasers attract high attention in recent years. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Up to now lasing with low threshold, 6, 8, 13, 16 lasing at room temperature, 7, 8, 10, 12, 15 and continuous-wave (CW) laser operation 7, 12 have been demonstrated. Almost all of them are designed with small sizes of about 1 lm or less three-dimensionally, and therefore the metal-coated nanolasers have extremely small volumes.
These nanolasers are also regarded as metal-coated nanocavities, and the optical quality can be evaluated with their (cold) cavity Q values. As is well known, the Q value is defined as the stored energy in a cavity multiplied by the resonant angular frequency and divided by the internal loss in the cavity. The cavity Q values in these nanolaser structures have been evaluated below the lasing threshold. The measured Q values were in the range of 100 to 500 and remained relatively low. 6, 8, 10, 13, 15, 17 From the formula of the Q value, higher cavity Q indicates the lower internal loss in the cavity and will lead to the lower lasing threshold. In this regard, realization of higher cavity Q values is a prerequisite for realizing superior laser performance. With simulations, higher Q values have been predicted. Depending on the cavity structures and selection of metals, cavity Q values around 3000 have been estimated. However, these high cavity Q values for metal-coated nanocavities still remain only with simulations at present and have not yet been realized.
In this paper, we experimentally study the possibility of realizing a metal-coated nanocavity with the high Q value. For this purpose, we propose to employ the broad-band room temperature emission of n-type GaAs. We report the observation of the high cavity Q value of 3800 with the metallic nanocavities at room temperature. We also work on finiteelement method (FEM) simulations to identify the high-Q cavity mode.
In relation to metallic nanocavities, we have developed single-photon sources with semiconductor QDs embedded in metal. An InAs QD/GaAs heterostructure was etched into a pillar structure and was covered with silver (Ag), and then the GaAs substrate was removed with cleavage. 18 Employing this structure, we worked on the autocorrelation measurements on photons emitted from a single QD in the GaAs pillar that was embedded in Ag. We observed clear anti-bunching dip at zero delay of the two optical detection paths and therefore demonstrated single-photon emission. 18, 19 With this metallic nanostructure, we also demonstrated the high singlephoton extraction efficiency of $18%. It is well known that photon extraction efficiency from a planar semiconductor surface is limited to less than 2% due to the total internal reflection at the air/semiconductor interface, and therefore this is a drastic improvement. We study the possibility of this metallic nanostructure whether it can be a nanocavity.
For the purpose of studying cavity resonance modes, we propose to employ mid-gap-state optical emission of n-type GaAs. Figure 1(a) is the comparison of photoluminescence (PL) spectrum measured on three-kinds of (001) GaAs substrates at room temperature. A He-Ne laser at the wavelength of 632.8 nm was used for the excitation. The PL spectrum observed from a semi-insulating (SI) GaAs (upper) is almost noise level. The PL spectrum observed from a p-type GaAs (middle) is dominated by the near-band-gap emission. The 19 cm À3 with zinc doping. On the other hand, the PL spectrum measured on an n-type GaAs (lower) exhibits very broad luminescence in the mid-gap region up to the wavelength of 1400 nm. We propose to employ this broad-band room temperature optical emission of n-GaAs to probe cavity modes. The origin of this distinct mid-gap emission is not clear, but the electron concentration is the high level of $2 Â 10 18 cm À3 with silicon (Si) doping. Although Si is prominently incorporated into the Ga site and forms donor levels in GaAs, it is also incorporated into the As site depending on the growth condition and can form acceptor levels. 20 This amphoteric nature of Si originating from the incorporation of the IV-column atom into the III-V semiconductor can result in the possibility to form donor-acceptor pairs in GaAs and related complexes that give the mid-gap optical emission.
We fabricated n-type GaAs pillars embedded in Ag following the same fabrication process as in Ref. 18 and examined its possibility to function as a nanocavity. Employing the n-GaAs mid-gap broad luminescence as the probe, we really observed a cavity resonance PL peak. However, the cavity Q value estimated from the full-width at half maximum (FWHM) of the PL peak was only 80 and remained low (not shown). Our detailed secondary-electron microscope (SEM) observations of the sample revealed that the GaAs pillar surfaces showed some surface structures induced during the cleavage process. This will scatter photons confined inside the cavity and will reduce the cavity Q value. Therefore in order to achieve higher Q values, we tried to improve the substrate removal process. First, we covered the n-type GaAs pillars with a 200-nm-thick SiO 2 layer and subsequent metallization with Ag. Then we changed the GaAs substrate removal process from cleavage to mechanical polishing and the subsequent etching with inductively coupled plasma (ICP)-reactive ion etching (RIE). Figure 1(b) shows the schematic structure and the SEM image of the completed sample. The center circle in the SEM image is the n-type GaAs pillar surface and the other surrounding area is the SiO 2 one. As shown in Fig. 1(b) , we could prepare the smooth planar sample surface with this improved fabrication process employing ICP-RIE. We point out two reasons to cover the semiconductor pillars with the SiO 2 layer. One reason is to protect the Ag surface during ICP-RIE of GaAs with chlorine gas (Cl 2 ), because the etching almost stops at the GaAs/SiO 2 interface. Another reason is to prevent the light penetration from the GaAs pillar into the metal interface to minimize optical absorption loss.
We studied the optical properties of the prepared sample at room temperature. As is shown in Fig. 1(a) , the mid-gap emission from an n-type GaAs bulk substrate is broad. When an n-GaAs pillar is embedded in Ag, sharp PL peaks were observed as shown in Fig. 1(c) . This pillar has the sidewall taper angle of 6.9
with the surface and bottom diameters of 1170 nm and 1000 nm, respectively, and the height of 700 nm. For this measurement, the He-Ne laser light was focused to a target pillar employing an object lens with the numerical aperture of 0.4. The luminescence from the nGaAs pillar was collected with the same objective lens and was dispersed with a monochromator. We observed similar sharp peaks with many other pillars with different diameters and different heights. Since no exciton emission is possible below energy gap, these sharp peaks are identified as the luminescence enhanced by cavity modes at room temperature.
We calculated the cavity Q values from the FWHM of the PL peaks and plotted them with the circles with respect to the n-GaAs pillar diameter as shown in Fig. 2 . Several cavity modes were observed for a given pillar diameter and the data measured on several pillars are plotted for each pillar diameter in Fig. 2 . The red solid line is a guide to the eyes, showing the general tendency of the higher Q value for the larger pillar diameter. We worked on the FEM simulation of the electromagnetic fields in the metal-embedded structure using the eigenmode solver of commercial software COMSOL. In our simulation the refractive indices of n-GaAs and SiO 2 were set to 3.5 and 1.46, respectively. The permittivity of Ag was taken from the literature. 21 We could find two kinds of cavity modes. One is the whispering gallery (WG) mode circulating along the GaAs pillar cross-sectional circumference shown in Fig. 3(a) (with the mode number of 5). The other is the transverse electric (TE) mode (TE 01 mode in Fig. 3(b) ). The simulation parameters are 700 nm of the GaAs pillar diameter and 700 nm of the pillar height. The WG mode is found at the resonance wavelength of 1020 nm with the cavity Q value of $500. The TE 01 mode is found at the resonance wavelength of 1360 nm with the cavity Q value of $1300. The major part of the modes for given pillar diameters observed in Fig. 2 is mostly the higher-order modes of these two kinds of cavity modes. The observed general tendency of the higher Q values for the larger pillar diameter is difficult to predict directly with the simulations. However for the larger pillar diameter, WG modes with the larger mode numbers are allowed and their cavity Q values generally increase for the larger mode numbers (not shown). This simulation result is consistent with the observation in Fig. 2 .
We examined the optical properties of the sharp peaks in more detail by measuring pillars on several samples and focused to a peak at the wavelength of 999.6 nm, which is found with a pillar that has the n-type GaAs pillar height of 800 nm and the pillar surface and bottom diameters of 1200 nm and 1100 nm, respectively, with the sidewall inclination angle of 4.8 . We measured the excitation power dependence of the PL FWHM, since PL peaks are generally broadened for the higher excitation power. The PL FWHM was 0.26 nm and remained almost constant against the increase of the excitation power as shown in Fig. 4 . This result also confirms that the observed sharp peak is the cavity mode. The observed sharp peak spectrum was well fitted with the Lorentzian function as shown in the inset of Fig. 4 . From the FWHM, the resonance mode is found to have the high cavity Q value of 3800. This is an extremely high Q value observed among metallic nanocavities.
To identify the origin of this high-Q resonance mode, we worked on the FEM simulation. The thickness of the SiO 2 layer shown schematically in Fig. 1(b) is 200 nm, the n-type GaAs pillar height is 800 nm, and the pillar surface diameter is 1200 nm (the sidewall has the inclination angle of 4. 8 and the bottom diameter is 1100 nm). With these cavity parameters, we worked on the FEM simulation of the high-Q cavity mode. A resonance mode with a high-Q value was found at the wavelength of 1001.2 nm, which is very close to the measured resonance wavelength of 999.6 nm. It is the WG mode with the mode number of 9 (the WG mode in Fig. 3(a) has the mode number of 5) and the calculated cavity Q was about 5500. The observed Q value is lower than this simulated value and this shows that the observed Q value may be increased with the further improvement of the fabrication processes. The threshold gain for lasing operation is known to be inversely proportional to the cavity Q value 22 and is expected to be lower for the higher Q value.
In summary, we showed that the cavity resonance modes are probed employing the broad-band room temperature mid-gap emission of n-GaAs. With this method, we demonstrated the observation of the high cavity Q value of 3800 at room temperature, which is the extremely high Q value among metallic nanocavities. The FEM simulation predicted the higher Q value, and the further improvement of the fabrication processes may lead to the higher cavity Q value. We also found the general tendency that the higher-Q resonance modes are more frequently observed for the larger pillar diameter, and we explained this tendency with the FEM simulation. With the implementation of this high-Q resonance mode into nanolasers, lowering of the lasing threshold will be expected. If the compatibility of the cavity modes with the reported high photon extraction efficiency from the top air/semiconductor interface becomes possible in the metallic nanocavities, it will enable us to realize highly efficient photon coupling to cavity resonance modes and single-photon-based functional nanophotonic devices. 
